1 in which y = the amount of P sorbed by the soil, c = the final equilibrium concentration of the solution, and k and n are constants. According to Teräsvuori, the coefficient k is closely related to the phosphate sorption capacity of a soil. Russell and Prescott (7) in 1916 emphasized that k »represents the tenacity with which the soil keeps its phosphate, or the reluctance with which the soil parts with its phosphate under the conditions of the experiment».
In a previous work (4), TerAsvuori's method was applied to the estimation of the sorption of phosphorus by virgin peat samples. It was found that in this material 76.5 per cent of the variation in the factor k could be explained by the variation in the contents of aluminium and iron soluble in diluted hydrochloric acid. Aluminium appeared to play a more important role in the phosphorus sorption of these peat samples than did iron under the experimental conditions.
In the present work, a number of samples of Finnish mineral soils is analyzed by Teräsvuori' s procedure, and the relationship between the indicator of the phosphate sorption capacity, k, and some other soil properties is studied. Attention is paid to the following analytical data: the soil texture, the soil pH, the contents of organic carbon, and aluminium and iron extracted by acid ammonium oxalate or by diluted hydrochloric acid.
Material and methods
The material consists of 213 samples of the plough layer of cultivated mineral soils from different parts of the country. In addition, 27 samples of cultivated humus soils, and 25 samples of virgin mineral soils were analyzed. 125 samples were collected from the deeper layers, from 20 to 60 cm, from 55 places.
All the samples were air-dried and ground. (9) , using the iodometric titration.
Aluminium and iron were extracted by Tamm's acid ammonium oxalate solution and by 0.1 N HCI. The ratio of soil to solution was 1 to 20 in both cases, and the period of extraction was two hours. Aluminium was determined by the Aluminon method and iron by the sulfosalicylic acid procedure after the organic matter in the oxalate extract was destructed by ignition.
In order to get the necessary values for y and c in the Freundlich equation i y = kxc n for the calculation of the coefficient k, the final equilibrium concentrations, c x and c 2> of phosphorus in the solution and the corresponding amounts of sorbed phosphorus, y 4 and y 2, were determined in the following way which to some extent differs from the original procedure used by Teräsvuori (8) . Two 10 g-samples of soil were weighed into 300 ml Erlenmeyer flasks, and 100 ml of 0.0005 M KH 2 P0 4 solution was added to one of them, to the other one 100 ml of 0.005 M KH 2 P0 4 solution. The suspensions were heated, with occasional shaking, on a boiling water-bath for two hours on two successive days in order to reach, at least approximately, an equilibrium between the P in the solution and the P in the soil. The suspensions were filtrated through paper, and the P concentrations, The organic carbon content of the cultivated surface soils tends to increase from sand to clay samples. A similar tendency may be found in the ammonium oxalate soluble iron. In the sand and fine sand soils, the content of iron appears to be far lower than the corresponding amount of aluminium extracted by ammonium oxalate; in the groups of the soils of a finer texture the difference is less marked or negligible. In all the soil groups the diluted mineral acid has extracted considerably higher amounts of aluminium than of iron. According to the data in Table 2 , the numerical value of k, or the indicator of the phosphate sorption capacity ranges in the present material from 40 to 1510. The variation is large even within the same kind of soils. On the average, k appears to be lower in the group of the loam and silt soils than in the samples of a finer or a coarser texture. Owing to the small number of samples from virgin soils, no conclusions may be drawn from the possible differences between the cultivated soils and the virgin soils in regard to this property. The topsoil samples of the sand and fine sand soils tend to have a somewhat lower k than those of the subsoil, but the opposite may be true with the samples of loam and silt soils. The humus soils do not differ from the proper mineral soils.
It must be emphasized that k does not correspond to the maximum sorption capacity, not even to the absolute amount of phosphorus sorbed by the soil sample under the conditions of the experiment. It is only supposed to be closely correlated with the more or less vague sorption capacity. The amounts of phosphorus retained from the 0.005 M KH 2 P0 4 -solution by the present samples ranged from no retention to a complete retention. When added to the amount of the original exchangeable phosphorus in the samples, the total amount of sorbed phosphorus ranged from 170 to 2000 mg/kg of soil.
The relation between k and the soil pH, the contents of carbon, aluminium and iron was first studied by calculating the total linear correlation coefficients Table 3 . In order to get larger populations, the subsoil samples from virgin and cultivated soils were pooled. There is no correlation between the values of k and pH in the sand and fine sand soils and in the humus soils. In all the other groups some negative correlation exists, but it is fairly high only in the subsoil samples of the clay soils.
The correlation between k and the content of organic carbon is noteworthy only in the subsoil samples of the clay soils. Some relation may be found also in the other groups of the clay soils and in the loam and silt soils.
A positive correlation of quite an other order exists between k and the content of ammonium oxalate soluble aluminium in all the groups. It is particularly close in the samples of the clay soils. The lowest correlation is found in the humus soils and in the loam and silt soils. In these groups the correlation coefficients between the values of k and the ammonium oxalate soluble iron are equal to, or somewhat higher than the corresponding correlation coefficients for the relation between k and the ammonium oxalate soluble aluminium. In the other groups the correlation of k with iron appears to be markedly lower than its correlation with aluminium. The total content of the ammonium oxalate soluble sesquioxides was calculated and its correlation with k was found to be equal to the correlation between k and aluminium in the sand and fine sand soils and the clay soils, but equal to the correlation with iron in the groups of loam and silt soils. Only in the small group of the humus soils and for the whole material a somewhat higher total linear correlation coefficient could be found for the relation between k and the sum of the sesquioxides than between k and aluminium or iron, respectively.
The correlation between k and aluminium in the hydrochloric acid extract is fairly close only in the plough layer of the sand and fine sand soils and the clay soils, as well as in the subsoils of the former group. There is no correlation between the values of k and the hydrochloric soluble iron except in the subsoil samples of the clay soils.
Thus the total linear correlation coefficients indicate a fairly close connection between the indicator of the phosphate sorption capacity and the contents of ammonium oxalate soluble aluminium and iron. Some more information may be get by calculating the partial correlation coefficients between k and the variables studied. In Table 4 are recorded the results obtained when the effect of one, two, or three of the other variables is eliminated from the correlation between k and ammonium oxalate soluble aluminium, or iron, or pH, or the content of organic carbon, respectively.
The correlation between k and ammonium oxalate soluble aluminium is markedly lowered in the groups of loam and silt soils and humus soils when the effect of ammonium oxalate soluble iron is eliminated. In all the other groups the corresponding decrease is fairly low. The elimination of the effects of pH or the content of organic carbon does not significantly change the coefficients, except in the loam and silt soils.
In the sand and fine sand soils, the elimination of the effect of aluminium lowers the correlation between k and iron to a considerable degree while its effect is noteworthy but less marked in the other groups. Only in the clay soils the further elimination of the effect of pH decreases the correlation between k and iron. The fairly low negative correlation between k and the pH values grows lower when the effect of the other variables is eliminated. The correlation between k and the content of organic carbon reaches a statistically significant negative value when the effect of the other variables is eliminated in the clay soils and in the whole material.
Thus it seems that in the sand and fine sand soils and in the clay soils the closest correlation is found between k and the content of ammonium oxalate soluble aluminium, while in the loam and silt soils k is to a higher degree related to the content of ammonium oxalate soluble iron. The connection with pH is poor in all Table 5 . It may be found that the variation in the content of ammonium oxalate soluble aluminium would explain only about 40 per cent of the variation in k of the loam and silt soils and the humus soils, but from 70 to 82 per cent in the groups of the clay soils. The variation in the ammonium oxalate soluble iron may account for a very low part of the variation in k of the sand and fine sand soils and the cultivated clay soils, while it in the loam and silt soils and in the humus soils tends to be more important than the aluminium content.
While the variation in the aluminium content explains 56 per cent, and the variation in the iron content 43 per cent of the variation of k in all the samples, considering these two variables increases the variance in k which may be explained to 64 per cent. Adding the content of iron does not increase the variance of k which may be explained by the content of aluminium in the sand and fine sand soils and in the subsoil samples of clay soils. The increase is noteworthy in the loam and silt soils and in the humus soils. From 49 to 84 per cent of the variation in k may be explained by the variation in the contents of aluminium and iron in the different soil groups.
Adding pH brings up some further increase in the coefficients of multiple determination only in the groups of all the sand and fine sand samples, in the cultivated surface samples of loam and silt soils, and in the subsoil samples of the clay soils. Adding the content of organic carbon to the variables which are considered, increases the explainable variance in k of all the clay soil samples and also of all the material to some degree, or to 82 and 71 per cent, respectively. In the clay soils, 81 per cent of the variance in k may be explained by the variances in the content of aluminium, iron and organic carbon; the corresponding figure for all the samples is 69 per cent.
The relationships between k (x 4), the contents of ammonium oxalate soluble aluminium in mmols/kg (x 2), and iron in mmols/kg (x 3), pH (x 4) and the percentage of organic carbon (x 5) conform to the following regression equations:
In all the sand and fine and soils The partial regression coefficients indicate that in the loam and silt soils iron is more important than aluminium in determining the retention of phosphate, while in all the other groups the phosphate retention capacity appears to depend more on aluminium than on iron content. The statistical studies show, however, that in addition to the contents of ammonium oxalate soluble aluminium and iron, also other factors must be considered. Obviously, the soil pH or the content of organic carbon do not play any particularly important role among these other factors. It may be mentioned that k was not associated with the clay content of the samples to any marked degree.
Discussion
There appears to be some confusion in regard to the concept »phosphate sorption capacity». Often the amount of applied phosphate retained against certain extractant is taken to represent it, but attention had to be paid also to the initial amount of sorbed phosphate in the soil. Actually, rather few procedures have been proposed for the estimation of the phosphate sorption capacity of a soil. Olsen and Watanabe (5) calculate the phosphorus adsorption maximum on the basis of the Langr. muir isotherm. Bass and Sibling (1) dissolve the problem by supposing that the amount of aluminium and iron extracted by citric acid is a measure of the relative phosphate-fixing capacity of an acid soil. In Piper's (6) method for the determination of the anion-exchange capacity of the soil, the sample is saturated with phosphate and the amount of phosphate extracted by alkali from the treated sample is taken to represent the total exchange capacity. In the modification employed by Bass and Sibling (1), citric acid is substituted for sodium hydroxide as the extractant, and since the organic matter in the citric acid extract is oxidized before the determination of phosphorus, it is likely that in addition to inorganic phosphorus, also some organic phosphorus is included. This is not incorrect, since according to Williams (10) the organic phosphorus may satisfy about 10 per cent of the phosphate retention capacity.
In the procedure employed in the present work, no attention is paid to the organic phosphorus as a part of the initial soil phosphorus which satisfies the retention capacity. Allowance is made for sorbed inorganic phosphorus in the soil by taking into account the content of exchangeable or alkali-soluble phosphate in the original soil sample. On the other hand, it is a matter of opinion whether the latter will actually represent that part of the soil phosphorus which may be considered to be sorbed.
According to the general knowledge, the reaction of soluble phosphate with the soil constituents will largely depend on the pH at which it is taking place. Piper (6) saturates the soil sample with phosphate at pH 4.0. In the present procedure the treatment occurs approximately at the soil pH: the pH-values of the soil suspensions in the KH 2 P0 4 -solutions tend to be between the pH-values measured for the soil in the water suspension and in the suspension in 0.02 N CaCl 2 in the ratio of 1 to 2.5. Thus the effect of the soil pH on the phosphate sorption capacity may be studied, at least to some extent, which would not be case if the treatment would be carried out at a constant and fairly low pH, as it is done e.g. in the procedure by Piper. In the present material, the indicator of the phosphate sorption capacity, k, was not at all, or only slightly, correlated with the pH of the soil, except in the subsoil samples of loam and silt soil and clay soils where a linear negative relationship, though not any close one, was found. Quite of an other order were in most groups the total correlation coefficients between k and the content of ammonium oxalate soluble aluminium. There exist however, marked differences in the different soil groups. In the clay soils, up to about 80 per cent of the variance in kis associated with the content of ammonium oxalate soluble aluminium, while in the groups of loam and silt soils and in the humus soils this part is only about 40 per cent. In these two groups, the percentage to which the variance in k is determined by ammonium oxalate soluble iron is somewhat higher than that determined by aluminium, but in the group of sand and fine sand soils the variation in the iron content explains only about one third of the variation in k. The contents of both aluminium and iron explain from 49 to 84 per cent of the variance in k, in the various groups of soil samples; for all the samples this part is only 64 per cent.
If this is the case in general, the method of Bass and Sieling (1) for the determina-tion of the relative phosphate-fixing capacity on the basis of the content of aluminium and iron does not seem to be particularly reliable.
There may be several reasons for this result. First of all there is the coefficient k itself. It is impossible to find out how closely it will be correlated with the unknown actual phosphate sorption capacity. It is only one of the conventional values supposed to give a relative measure for this quantity. Then it may be asked whether the acid ammonium oxalate solution will extract just that part of the sesquioxides which will be active in the sorption of phosphate, or at least closely correlated to this fraction. Yet, the association between k and the amounts of aluminium, and particularly those of iron, soluble in 0.1 N hydrochloric acid was in the present material far less marked.
Some attention must also be paid to the possibility that the phosphate sorption capacity of a soil is a result of more than one mechanism of phosphate retention. It is quite likely, e.g. that the phosphate which is sorbed from the solution during the fairly short period of laboratory treatments is bound to the soil in a different and probably less intensive way than the native phosphate which has been exposed to several kind of reactions during the more or less long time of contact with the soil constituents. Actually, it has been found that soluble phosphate added to the soil is, at first, mainly fixed as aluminium bound phosphate, but in time it will gradually change to the less soluble iron bound phosphate (2) .
When in addition to ammonium oxalate soluble aluminium and iron also pH and the carbon content are considered the part left to be explained in the variation of k is in some soil groups slightly decreased. Thus, in the clay soils only from 12 to 18 per cent of the variation in k is associated with the variation in some other factors. In the other groups, this part is far higher, in the loam and silt soils even up to 46 per cent.
Thus, further studies are necessary for finding out the factors on which the phosphate sorption capacity in different soils will depend. In this connection, the improvement of the methods will be of particular importance.
Summary
An attempt was made to study to what extent the capacity of the more or less acid soils in Finland to sorb phosphate may be explained on the basis of their content of aluminium and iron. The indicator of the phosphate sorption capacity was calculated on the basis of the Freundlich adsorption isotherm according to the procedure proposed by Teräsvuori (8) . The The total linear correlation coefficients between k and the soil pH, and its contents of organic carbon or clay were low or negligible in most of the soil groups. The correlation of k with the content of aluminium extracted by Tamm's acid ammonium oxalate was fairly close in the clay soils (r = o.B4***), lower in the sand and fine sand soils (r = o.77***), and in the loam and silt soils, and in the humus soils it was rather poor (r = o.6s*** and o.63*** resp.). The elimination of the effect of the ammonium oxalate soluble iron decreased the correlation in the two latter groups quite markedly (to 0.32** and 0.37 resp.), while the corresponding decrease in the coefficients for the former groups was less significant (to o.64*** and o.7s*** resp.). The elimination of the effect of the ammonium oxalate soluble aluminium, on the other hand, decreased the correlation coefficients between k and the ammonium oxalate soluble iron in the sand and fine sand soils from o.s9*** to 0.26**, in the loam and silt soils from o.73*** to o.s4***, in the clay soils from o.7o*** to o.sl***, and in the humus soils from o.6B*** to 0.49*.
The part of variation in k which could be explained on the basis of the variation in the contents of aluminium and iron was different in the different kind of soils. According to the coefficients of determination and the coefficients of multiple determination, the variance in the aluminium content determined 59 per cent of the variance in k in the sand and fine sand soils and 70 per cent in the clay soils; considering also the content of iron increased this part to 61 per cent and 78 per cent, resp. In the loam and silt soils the variation in the iron content explained 53 per cent of the variation in k, in the humus soils this percentage was 47. Considering both aluminium and iron, the proportion of the variance in k which could be explained in these two groups was increased to 60 per cent and 54 per cent, resp. Thus, in addition to the contents of ammonium oxalate soluble iron and aluminium, other factors must be found to explain the variation in the phosphate sorption capacity, particularly in other soil groups than in the clay soils. The soil pH and its content of organic carbon obviously play only a minor role among these ctors.
